Primary cilia (PC) are organelles necessary for proper implementation of developmental and homeostasis processes. To initiate their assembly, coordinated actions of multiple proteins are needed. Tau tubulin kinase 2 (TTBK2) is a key player in the cilium assembly pathway, controlling final step of cilia initiation. The function of TTBK2 in ciliogenesisis is critically dependent on its kinase activity, however, precise mechanism of TTBK2 action is so far incompletely understood, due to very limited information about its relevant substrates. In this study we identify CEP83, CEP89, CCDC92, Rabin8 and DVL3 as substrates of TTBK2 kinase activity. Further, we characterise a set of phosphosites of the newly identified substrates and CEP164, induced by TTBK2 in vitro and in vivo. Intriguingly, we further show that identified TTBK2 phosphosites and consensus sequence delineated from those are distinct from motifs previously assigned to TTBK2. Finally, we address functional relevance of selected phosphorylations of CEP164 and provide evidence that the examined TTBK2-induced phosphorylations of CEP164 are relevant for the process of cilia formation. In summary, our work provides important insight into substrates-TTBK2 kinase relationship and suggests that phosphorylation of substrates on multiple sites by TTBK2 is probably involved in the control of ciliogenesis in human cells.
Introduction
Primary cilium (PC) is an organelle fundamental for proper development and homeostasis. Malfunctioning of PC leads to ciliopathies, diseases whose phenotypic manifestations are as varied as obesity, polycystic kidney disease or polydactyly (1, 2) .
In addition, cilia abnormalities have been recently related to cancer (3) (4) (5) , further affirming the importance of correctly functioning PC for tissue homeostasis.
PC is usually formed in G1 phase of cell cycle at distal end of mother centriole, the older of the pair of centrioles which cell has at that stage.
Mother centriole is distinguished from daughter centriole by two sets of proteinaceous appendages named according to their position distal (DA) and sub-distal (SDA) (6) . The earliest sign of ciliogenesis seems to be accumulation of small Golgi-derived vesicles in the vicinity of DA (7) (8) (9) , dependent on activity of Rab11-Rab8a-Rabin8 cascade (10) (11) (12) (13) . The vesicle docking strictly relies on intact DA, their disruption prevents the docking and in turn leads to a failure of cilium assembly (10, (14) (15) (16) . Initially, five DA proteins, CEP164 (17) , CEP83 (18) , CEP89 (19) , FBF1 (15, 20) and SCLT1 (15) have been identified. Recent identification of new DA components suggests the list might not yet be complete (21, 22) .
Cilia initiation turns to cilia extension process when centriolar distal end capping proteins CP110, CEP97 and MPP9 are removed and ciliary axoneme begins to elongate (23, 24) .
This key step in the cilium assembly pathway is controlled by Tau Tubulin kinase 2 (TTBK2) (25, 26) . TTBK2 is recruited to DA by CEP164 (26, 27) , their mutual interaction is finetuned by INNPP5E and PI3Kγ (28) . In addition, TTBK2 seems uniquely positioned among the DAassociated proteins -its depletion still allows cilia initiation to proceed to its very final stages unperturbed (vesicles dock to DA) but ciliogenesis fails at the stage when axoneme should start to extend, implying that TTBK2 may function as a switch in cilia assembly pathway, turning cilia initiation programme to cilia elongation and maintenance (25) (26) (27) 29) .
From evolutionary perspective, TTBK2 is a member of casein kinase 1 (CK1) superfamily, its kinase domain shows 38% identity with CK1δ (30, 31) . Apart from TTBK2, additional kinase MARK4 has been implicated in cilium initiation and assembly, although it seems to control the processes via SDA rather than DA of mother centriole (32) .
TTBK2 mutations leading to truncated proteins are causative for development of neurodegenerative disorder spinocerebellar ataxia type 11 (SCA11) (33) (34) (35) . Interestingly, these mutant variants of TTBK2, typically truncated around 450 AA, are unable to interact with CEP164 and fail to localize to DA (25, 26) , instead seem to act in dominant negative manner to disturb PC formation (25, 29) . As no other kinase can compensate for defects caused by TTBK2 mutations in SCA11, it again argues that TTBK2 has non-redundant functions. Previous work established that action of TTBK2 on ciliogenesis critically depends on its kinase activity (25) . However, information about bona fide substrates and/or S/T sites that are subjected to TTBK2 phosphorylation is very limited. So far, TTBK2
has been demonstrated to phosphorylate five substrates-Tau (36, 37) , KIF2A (38) , CEP164 (26) , CEP97 (27) and MPP9 (39) and only eleven S/T sites -S208 and S210 of Tau, S135 of KIF2A, S629, S636 of MPP9 and T1309, S1317, S1346, S1347, S1434 and S1443 of CEP164 (27, (38) (39) (40) .
Here, we report five novel TTBK2 substrates and extensive set of TTBK2-induced phosphorylation sites determined and verified using a combination of in vitro, in vivo and in silico approaches. Using our datasets of phosphorylated peptide sequences, we delineate a kinase motif for TTBK2. Finally, we provide evidence that phosphorylation by TTBK2 modulates function of one of its targets, CEP164. Cep164 N-, M-and C-terminal fragment,   CEP83, CEP89, CCDC92, Rabin8, DVL3 coding   plasmids fused to FLAG tag and FLAG-TTBK2 WT and kinase dead variant (KD) were used for production of proteins for in vitro or TTBK2 autophosphorylation experiments, GFP-TTBK2
Material and methods

Cell culture and transfection
Purification of proteins from HEK293T cells
WT was coexpressed for in vivo experiments.
To purify protein of interest, each expression plasmid (please see detailed list of used plasmids in suppl. 
MS/MS analysis
In gel digestion
Immunoprecipitates were separated on SDS- 
Data analysis
The analysis of the mass spectrometric RAW data was carried out using the Proteome Table 2 .
In silico analyses
Depiction of domains or motifs in Fig DVL3) ( Fig. 2A, Fig. 2B , blue and red colour coded). Total number of identified phosphorylations was ~120 (Suppl. Fig. 2A , Fig   2B , Suppl. Table 1 ).
To extend our analysis, we in similar manner Fig. 3 ), out of which 133 were induced by TTBK2 ( Fig.   2A , black and red colour coded). Importantly, comparison of induced phosphorylation sites identified in vivo and in vitro showed not only fairly extensive overlap between the datasets for individual proteins (phosphorylation common for both datasets are red, Fig. 2A , Suppl. Fig. 3 ), but also revealed that many phosphosites localized in clusters or pairs, often dispersed through the entire protein sequence ( Fig. 2A) .
Specifically, in case of CEP164, 18 individual S/T sites were found induced by TTBK2 by both approaches, for CEP83 it was 5 S/T residues, for CEP89 2 S/T and, and CCDC92 and Rabin both showed 1 S/T phosphorylation in common between in vitro and in vivo. Of note, analysis of DVL3 in vivo phosphorylations induced in context of several kinases, including TTBK2, has been recently reported (51) . Together, 27
(64%) of induced phosphorylations detected by in vitro approach were also found induced in vivo, hence confirming a role of TTBK2 in phosphorylation of tested proteins ( Fig. 2A) .
Additionally, 6 sites identified as induced in vitro were occasionally detected also in vivo but did not pass the set threshold to be considered induced (Suppl. Table 1 , Suppl. Fig.   2A , Suppl. Fig. 3 ). Noteworthy, significant portion of sites detected by in vivo analyses (in total 106 phosphorylated S/T residues, Suppl. Table 1) were not detected using the in vitro approach.
TTBK2 shows motif similarities to CK1
Given the number of phosphorylations we identified and the reports on preferential phosphorylation of IDRs over folded protein regions (47, 52-54) we inspected hereby analysed TTBK2 substrates by Predictor of Natural Disordered Regions (PONDR) (45, 46) and Enhanced Phosphorylation Predictor (DEPP) (47) , to check the extent of IDRs and the overlap between the identified and the predicted phoshosites, respectively. The analysis carried using PONDR algorithms VSL-2 ( Fig. 3A, 3B , Suppl. Fig. 4 , violet line) and VL3-BA ( Fig. 3A, 3B , Suppl. Fig. 4 , blue line), suitable for examination of long IDRs, revealed that all proteins tested are predicted to contain long IDRs (Fig. 3A, 3B and Suppl. Fig. 4 ). In addition, comparing our experimental data to DEPP-predicted phosphorylations revealed many examples of extensive overlap (Fig. 3A, 3B , Suppl. Fig. 4 ). Specifically, experimentally identified CEP164 phosphorylations were found distributed throughout the protein sequence in a pattern resembling that of DEPP prediction (Fig. 3A) . Further, DEPP predicted extensive phosphorylation of TTBK2 C-terminal part, in good agreement with our experimental data (Fig. 3A ). In addition, we observed some extent of similarity between the experimentally detected and the predicted phosphorylation sites also in the case of the remaining substrates of TTBK2 we examined (Suppl. Fig. 4 ). Given these findings, we next examined also the previously identified substrates and phosphosites of TTBK2. As expected, all previously identified phosphosites were localized within long IDRs, which were predicted to contain many additional phosphorylation sites (Suppl. Fig. 5 ). phosphorylation of some of these residues might be limited to specific cellular context.
As it was previously reported that TTBK2
preferentially phosphorylated S/T sites with pY at +2 position(50), we examined out datasets for the presence of this reported preferred kinase motif. However, we identified only 2 phosphorylations (S201 in CEP164, S316 in Rabin8) with Y at position +2, which could in principle fit into the proposed consensus sequence. Since consensus motif reported for CK1 family to which TTBK2 belongs to is pS/pT-
x-x-S/T(55), we manually searched the dataset for priming sites at position -3 and found 28 phosphorylations fitting this criteria (CEP164: S171, S273, S403, S455, T490, S517, S646, S735, S1096, S1255, S1258; CCDC92: S145, S179, S273; Rabin8: S100; DVL3: S639; TTBK2: S134, T431, S448, T820, T851, S855, S958, S963, S999, S1033, S1042, S1243). Thus, majority of phosphorylation sites we found were without any kinase motif assigned. To probe for possible unrecognized TTBK2 consensus sites, we pooled data from in vitro and in vivo dataset and used them for unbiased kinase motif search by MeMe suite tool MoMo (43, 56) . Initial analysis by "simple" algorithm, which plots relative abundance of individual AA residues at indicated position within the whole dataset, did not reveal any enrichment ( Fig. 3C) . Given that, we subsequently performed analysis by Motif-x and MODL algorithms, respectively, that can resolve consensus motif sequences present only in a subset of peptides (44, 56) . Intriguingly, both algorithms detected preference for glutamic acid (E) on position +3 (MODL, 32 peptides,
Motif-x, 27 peptides) (Fig. 3D, 3E ). In addition, as most of them resided to IDRs with currently unknown impact on biology of a given protein.
Having said that, we focused our functional validation efforts on TTBK2 sites identified within N-terminal part of CEP164 (CEP164 Nterm, AA 1-467), which, via its WW domain interacts with TTBK2 and hence affects ciliogenesis (10, 26, 27) . We selected phosphorylated residues (S129, S130, S135, S136, S166, S168, S201) located in the proximity of WW domain and mutated these in reports (10, 26, 27) . In contrast, expression of FLAG-CEP164 N-A term still allowed formation of PC in about 20% of transfected RPE-1 cells (Fig. 4C ). Based on this observation we hypothesized that ability of CEP164 N-term to sequester endogenous TTBK2(26) might be affected in CEP164 N-A term. Intriguingly, we found that FLAG-CEP164 N-A term was able to sequester TTBK2 from mother centriole, but to a lesser extent that FLAG-CEP164 N-term ( Fig.   4D ). These results suggest that phosphorylation of given residues (S129, S130, S135, S136, S166, S168, S201) is functionally important for TTBK2 recruitment to mother centriole and hence ciliogenesis regulation.
Discussion:
TTBK2 seems to have unique position among other regulators of ciliogenesis, as its action marks "end of beginning" by pushing cilia initiation towards cilia extension. However, understanding how TTBK2 regulatory function is implemented is still only partial. To gain insight into the process, we set to identify its substrates. In this study we demonstrated that several proteins that either directly bind to CEP164, or localize to its proximity, namely CEP83, CEP89, CCDC92, Rabin8 and DVL3, and CEP164 itself, are subjected to TTBK2 phosphorylation, primarily in their IDRs. We further revealed that TTBK2 shows previously undetected consensus motif similarity to that of CK1, at least for a subset of phosphorylated sites.
Our observation that TTBK2 is able to phosphorylate components of DA and proteins associated with centriole distal end does not come as a complete surprise, given its proposed role in the assembly of the appendages (26) . Moreover, thanks to the recently revealed details on DA structure and organization (21, 59) it is tempting to speculate that TTBK2 might be able to target additional basal body proteins beside those included in our screen. In our initial screening, CP110 and Rab8a did not shift upon TTBK2 co-expression, hence we did not include them in the subsequent detailed analysis. However, as lack of mobility shift does not necessarily mean lack of phosphorylation, it would be premature to rule them out as TTBK2 substrates.
Interestingly, two of CP110 binding partners, CEP97 and MPP9, have already been reported as TTBK2 substrates and their phosphorylation has been implicated in CP110/CEP97 complex removal from distal end of mother centriole (24, 27 Importantly, our analysis was able to detect not only majority of sites previously assigned as targets of TTBK2 activity (CEP164 sites(26), namely T1309, S1317, S1347, and S1443 in both datasets and S1346 in vivo), but also many new ones, hence demonstrating both robustness and sensitivity of our workflow.
Majority (64%) of TTBK2 phosphorylation sites we detected in vitro were subsequently confirmed in vivo. Nonetheless, significant portion of sites detected by in vivo analysis (in total 106 phosphorylated S/T residues) were not revealed using the in vitro approach. Additionally, although we detected several phosphorylations that fit the canonical consensus motif pS/pT-x-x-S/T of CK1, our unbiased motif search analysis implies that TTBK2 may in addition favour glutamic acid (E) on position +3, and leucine (L) at position +1, respectively, at least in a subset of its targets.
These motifs resemble noncanonical CK1 motifs SLS and to some extent also a motif with acidic stretch of residues located C-terminally from the target S/T reported before (29, (66) (67) (68) . Importantly, one has to bear in mind that, in contrast to motifs identified in this study and the studies where noncanonical motifs for CK1
were defined, delineation of kinase motifs has been typically carried out using rather reduced libraries of synthetic peptides, that lack secondary or tertiary structure of bona fide physiological substrates of a given kinase. In (53, 70) .
Consequently, this allows the intrinsically disordered proteins to expose significant part of their primary sequence for binding and posttranslational modification (47, 53, 54) , hence provides them with ability to act as hubs in protein complexes that typically facilitate assembly of various organelles (53, 58, 71 S309 T117 S138 T142 S145 S146 S153 S160 S176 S188 S104 S129 S130 S135 S136 S159 S164 S166 S168 S171 S172
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Figure 4: Phosphorylation of CEP164 N-terminus by TTBK2 a ects its function and ciliogenesis A:
In silico analysis of protein folding by PONDR VSL2 (Violet line) and VL3-BA (Blue line) algorithms, the numbers indicate length of given protein in amino acids. Note that mutation of seven TTBK2 phosphorylated sites (S129, S130, S135, S136, S166, S168, S201) to Alanines (CEP164 N-A term) is not expected to change protein folding over control (CEP164 N-term). B: HEK293T cells were transfected by indicated plasmids and 24h post-transfection were subjected to immunoprecipitation by anti-FLAG antibody. No di erence was observed between FLAG-CEP164 N term and FLAG-CEP164 N-A term in their ability of to co-immunoprecipitate MYC-TTBK2. C-D: RPE1 cells were transfected by indicated FLAG-tagged CEP164 truncation constructs and, following 24h, starved for additional 24h to induce ciliogenesis or ON to evaluate TTBK2 sequestration. C: ARL13b (green) and CAP350 (blue, inset) staining was used to detect PCs and centrioles, respectively, expression of indicated CEP164 variants was detected by FLAG antibody (red). The graph summarizes e ects on PC formation from 4 independent experiments, RPE-1 cells transfected with empty vector (mock) or CEP164 M part were used as controls. Analysed by student's t-test *** p<0.001, ** p<0.01, * p<0.05, SEM. D: Following xation, RPE-1 cells were stained for TTBK2 (green), FLAG (red), and CAP350 (blue) to examine di erences in localization of endogenous TTBK2 to mother centriole. Graph summarizes the e ects on TTBK2 sequestration (n=5, 30-40 cells analysed per condition). Analysed by student's t-test, **** p<0.0001, * p<0.05, SEM. 
